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A self-consistent pre-inflationary extension of the inflationary scenario with the Starobinsky po-
tential, favored by Planck data, is studied using techniques from loop quantum cosmology (LQC).
The results are compared with the quadratic potential previously studied. Planck scale completion
of the inflationary paradigm and observable signatures of LQC are found to be robust under the
change of the inflaton potential. The entire evolution, from the quantum bounce all the way to the
end of inflation, is compatible with observations. Occurrence of desired slow-roll phase is almost
inevitable and natural initial conditions exist for both the background and perturbations for which
the resulting power spectrum agrees with recent observations. There exist initial data for which the
quantum gravitational corrections to the power spectrum are potentially observable.
The inflationary scenario is highly successful in ex-
plaining, with minimal assumptions, the primordial ori-
gin of structure formation and small inhomogeneities
observed in the cosmic microwave background (CMB).
There is a plethora of inflationary models whose predic-
tions can be matched with observations. Recent data
from Planck show that, for single field inflation, the
Starobinsky potential is favored over others, such as the
quadratic one [1]. The standard inflationary models are
based on classical general relativity and therefore inherit
the big bang singularity. This leaves several conceptual
issues unaddressed which are expected to be resolved by
a fundamental quantum gravity theory. For instance: (i)
Is there a consistent pre-inflationary extension that ad-
mits a finite quantum gravity regime and confronts the
problem of a past singularity? (ii) If so, does inflation
occur naturally without the need of fine tuning the ini-
tial conditions? (iii) Do the perturbations remain in a
Bunch-Davies state at the onset of inflation? (iv) How
strongly do the predictions of such a fundamental theory
depend on the model of inflation?
Loop quantum cosmology (LQC) provides an excellent
avenue to address these issues. The underlying quantum
geometric effects of LQC modify the Planck scale physics
leading to the resolution of classical singularities in a va-
riety of homogeneous and inhomogeneous cosmological
settings [2, 3] (see, e.g., [4] for a review). In all these
models, the big bang is replaced by a quantum bounce,
evolution is deterministic and all curvature scalars re-
main finite throughout the evolution.1 In this Letter, we
investigate the aforementioned issues for single field in-
flation with the Starobinsky potential in LQC using the
framework of [10, 11] and compare our results with the
quadratic potential studied in [13–15].
Note that a priori there is no reason to believe that
the pre-inflationary dynamics of the Starobinsky poten-
1 For other approaches to bouncing models see, e.g. [5–8]. Also
see [9] (and references therein) for a recent review.
tial and quadratic potential are similar because: (i) al-
ready their inflationary dynamics is quite different; and
(ii) the evolution equation for the scalar perturbations
depends explicitly on the potential. We find that despite
these differences, not only is the occurrence of slow-roll
almost inevitable as is the case for the quadratic poten-
tial, but also the observable LQC corrections to the power
spectrum remain similar to those for the quadratic poten-
tial. Hence, LQC predictions are robust. Furthermore,
there are interesting signatures of the quantum geometry
on long wavelength modes which can modify inflationary
tensor fossils and can couple with observable modes as
suggested in [16, 17] leaving imprints on the primordial
power spectrum. This potentially opens new avenues to
explore the origin of CMB anomalies in quantum gravity.
Framework: In LQC, the background quantum ge-
ometry is described by a wavefunction which is a solu-
tion of the quantum Hamiltonian constraint. For sharply
peaked wavefunctions, which are peaked at classical so-
lutions at late times, the leading quantum corrections to
the background spacetime can be captured by the effec-
tive description of LQC, given by the following modified
Friedmann and Raychaudhuri equations [18–20]:
H2 :=
(
a˙
a
)2
=
8piG
3
ρ
(
1− ρ
ρ
max
)
, (1)
H˙ = −4piG (ρ+ P )
(
1− 2 ρ
ρmax
)
, (2)
where H is the Hubble rate, a is the scale factor, ρ
max
=
18pi/∆3o ρPl ≈ 0.41 ρPl is the universal maximum of the
energy density and ∆o ≈ 5.17 is the minimum eigenvalue
of the area operator, whose value is fixed via black hole
entropy calculations in loop quantum gravity [21, 22].
The LQC evolution of spacetime is completely described
by (1) and (2) which, given a matter source with the
energy density ρ and pressure P form a well posed initial
value problem. Note that the LQC modifications are
dominant only in the quantum gravity regime, where the
energy density of the matter field is Planckian. When
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2the spacetime curvature is sub-Planckian (ρ  ρ
max
),
equations (1) and (2) reduce to the classical Friedmann
and Raychaudhuri equations.
In the inflationary model under consideration, the mat-
ter source is a scalar field with a self-interacting potential,
which also drives inflation [23–27]:
V (φ) =
3M2
32piG
(
1− e−
√
16piG
3 φ
)2
, (3)
where M is the mass of the inflaton φ with ρ = φ˙2/2 +
V (φ) and P = φ˙2/2− V (φ). This potential is commonly
known as the Starobinsky potential and is related to vari-
ous other potentials, e.g. Higgs inflation, via α-attractors
[28]. It is evident from the above expression that V (φ)
increases exponentially for φ < 0, has a minimum at
φ = 0 and approaches a constant value (3M2/32piG) as
φ→∞. The form of the Klein-Gordon equation in LQC
remains unchanged:
φ¨+ 3Hφ˙+ ∂φV (φ) = 0, (4)
which reflects the fact that LQC corrections are purely
quantum geometrical and do not require any modification
or violation of the standard energy conditions.
In the standard inflationary scenario, by using Ein-
stein’s equations and the slow-roll conditions together
with data observed by the Planck mission [1], we are led
to set M = 2.51 × 10−6mPl. In particular, we used the
value of the amplitude of the scalar power spectrum, its
running, and the constraints on the number of e-folds
(N∗) from the time the reference mode k∗ exited the
horizon to the end of inflation.2 This procedure also de-
fines the phase of desired slow-roll which is required for
compatibility with observations. Thus, this phase always
refers to the last N∗ e-folds of inflation, but of course a
phase of accelerated expansion can precede the desired
slow-roll period. At the onset of the desired slow-roll,
φ = 1.08 mPl and the first two Hubble slow-roll parame-
ters are  = 1.98× 10−4 and δ = −1.73× 10−2. Inflation
ends when  = 1 which corresponds to φ = 0.19mPl.
To understand the evolution of quantum perturbations
one needs a formalism of quantum fields on quantum
cosmological spacetime, which –at first– seems an in-
tractable task. It turns out that within the test field
2 Here, in order to compute the mass parameter, we have assumed
that the LQC corrections to the power spectrum are extremely
small at the pivot scale k∗. This assumption does indeed hold in
the numerical results discussed here. However, in principle, this
is inconsistent and a proper way to address this would require
significant numerical work along the lines of [29]. There the au-
thors find that, while this assumption is conceptually important,
it leaves the main results practically unchanged for the quadratic
potential; we expect the same to be true for the Starobinsky po-
tential.
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FIG. 1. Time line of evolution of the background spacetime
with φB = −1.41mPl and φ˙B > 0.
approximation (that is, the backreaction of the pertur-
bations on the background quantum geometry is negli-
gible), surprising simplifications occur: The dynamics of
the perturbations on the quantum FLRW geometry is
completely equivalent to that of perturbations evolving
on a ‘dressed’ FLRW metric, where ‘dressing’ refers to
quantum corrections [10, 11] (for other approaches within
LQC, see [30–35]). Interestingly, for sharply peaked
states, the dressed metric is extremely well described by
eq. (1) and (2) [20, 36].
Quantum bounce and slow-roll: The key feature
of homogeneous and isotropic spacetimes in LQC is the
occurrence of a quantum bounce when the energy den-
sity of the matter field reaches its universal maximum,
i.e. ρ = ρmax . Here, the Hubble rate H is zero (eq. (1)),
H˙ is positive (eq. (2)) and therefore the scale factor has
a minimum. Following the bounce, there is a phase of
super-inflation during which the energy density decreases
while the Hubble rate increases very rapidly and takes
its maximum value at ρ = ρmax/2. In further evolution,
both the energy density and the Hubble rate continue to
decrease monotonically. A typical time line of the post
bounce evolution is shown in Fig. 1. Inflation starts when
the energy density of the matter field is of the order of
10−12 ρPl where LQC effects are negligible (for a detailed
analysis of the background evolution starting from the
bounce till the end of inflation, see the accompanying
paper [37]). Hence, LQC provides a Planck scale com-
pletion of the inflationary scenario while resolving the
classical singularity. The question now is: How natu-
ral is the occurrence of inflation in this model? That
is, what fraction of the initial data surface leads to the
desired slow-roll.
To understand this, let us consider the space of ini-
tial conditions at the bounce which is 4 dimensional:
(aB, HB, φB , φ˙B). Utilizing the rescaling freedom of the
scale factor we fix aB = 1 without loss of any general-
ity. Furthermore, since HB = 0, there are only two de-
grees of freedom in the space of initial conditions at the
bounce: φB and φ˙B . The energy density at the bounce
is bounded by ρmax which yields: ρmax = φ˙B
2
/2 + V (φB).
Hence, the entire space of initial conditions at the bounce
is captured by φ
B
and φ˙
B
whose range is given by:
φ
B
∈ [−3.47mPl,∞) and |φ˙B | ≤ 0.905m2Pl. Now the
question is: What fraction of this space of initial condi-
3tions give the desired slow-roll phase in the future evo-
lution? It turns out that the observationally compatible
initial conditions leading to the desired slow-roll phase
are: φ
B
≥ −1.45mPl for φ˙B > 0 and φB ≥ 3.63mPl for
φ˙
B
< 0. The remaining initial conditions either do not
give inflation at all or do not have a sufficient number
of e-folds required for compatibility with observations.
Unlike the quadratic potential, the space of initial condi-
tions –defined by the constant energy density surface at
the bounce– is unbounded, because the plateau-side of
the potential continues all the way to infinity and is well
below ρ
max
. Therefore, for a uniform measure the volume
of the whole space of initial conditions for the Starobin-
sky potential is infinite and it is difficult to quantify the
likelihood of inflation, as was done for the quadratic po-
tential in [12–14, 38].3 However, since only a tiny fraction
of initial conditions do not lead to inflation it seems that,
qualitatively, most of the initial conditions do lead to the
desired slow-roll phase.
Interestingly, all of these initial conditions are kinetic
energy dominated at the bounce. The small fraction
of initial data that does not lead to the desired slow-
roll phase are either potential dominated or do not have
enough initial kinetic energy. This is in striking contrast
with the quadratic potential, where in fact all potential
energy dominated bounces lead to the desired slow-roll
phase and have a huge number of e-folds from the bounce
till the end of inflation. However, it is the kinetic energy
dominated initial conditions for which LQC corrections
to the primordial power spectrum are in the observable
range for the quadratic potential. For the kinetic energy
dominated initial conditions the inflaton behaves essen-
tially as a massless scalar field near the bounce and conse-
quently, the details of the potential are irrelevant there.
Therefore, while the observational consequences of the
inflationary dynamics for the two potentials are quite
different, the pre-inflationary dynamics is very similar.
Let us now consider the evolution of quantum pertur-
bations, described by the Fourier transform of the gauge
invariant Mukhanov-Sasaki scalar mode qk and two ten-
sor modes ek, on the quantum geometry.
Primordial power spectrum: The evolution equa-
tion for qk and ek, where k is the comoving wavenumber,
propagating on the quantum modified dressed geometry
is given by [11, 15]:
3 This issue could be resolved for potentials, which are related to
Starobinsky potential via α-attractors, that have a plateau for
a finite range in φ. For such potentials the space of initial con-
ditions at the bounce will be compact and a regular measure
suffices to talk about probabilities. For instance, the Higgs po-
tential satisfies this criterion as it has a plateau region in the
center and exponential walls on both sides.
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FIG. 2. Scalar power spectrum for Starobinsky potential with
φB = −1.42mPl and φ˙B > 0. The blue ‘+’ points show PLQC
which rapidly oscillates with k. The average is shown by (red)
solid curve, and PBD is shown by (black) dashed curve.
q′′k (η˜)+2
a˜′
a˜
q′k(η˜) +
(
k2 + U˜(η˜)
)
qk(η˜) = 0, (5)
e′′k(η˜)+2
a˜′
a˜
e′k(η˜) + k
2ek(η˜) = 0, (6)
where the prime denotes the derivative with re-
spect to the dressed conformal time η˜ and U˜ =
a2
(
6piG φ˙
2
ρ V (φ)− 2
√
6piGφ˙2
ρ
∂V
∂φ +
∂2V
∂φ2
)
is the dressed
effective scalar potential [11, 15].
Recall that in the standard inflationary scenario the
initial conditions for the quantum perturbations are given
at the onset of inflation where the spacetime metric can
be approximated by a de Sitter metric. Therefore, the
modes of the perturbations are taken to be in the Bunch-
Davies vacuum. In LQC, on the other hand, since the
pre-inflationary dynamics extends to the deep Planck
regime where the spacetime metric cannot be approxi-
mated by a de Sitter metric, it is not meaningful to re-
quire that the modes be in the Bunch-Davies vacuum at
the bounce. As described in [11, 15], we choose quantum
perturbations to be in a 4th order adiabatic ‘vacuum’
which has the following two main properties: (i) respects
the symmetry of the background spacetime and (ii) the
expectation value of the renormalized energy density of
the perturbations is negligible with respect to the back-
ground energy density at the bounce. Unlike in the de
Sitter spacetime, this procedure does not single out a
unique state.
A natural question then is: Among the admissible
states at the bounce, can one choose one that would lead
to a power spectrum at the end of inflation that not only
agrees with the standard power spectrum at small angu-
lar scales but also leads to a power suppression at large
angular scales, say, ` < 30? Interestingly, the answer is
in the affirmative [39]! This means that, when the state is
evolved to the onset of slow roll, the ` < 30 modes are not
4in the Bunch-Davies vacuum at the onset of inflation.4
The scalar power spectrum for such a vacuum state at the
end of inflation is shown in Fig. 2 for initial background
conditions φ
B
= −1.42mPl and φ˙B > 0. The deviation
between LQC and standard power spectrum can be un-
derstood by writing the LQC mode functions of the quan-
tum perturbations at the onset of inflation as a Bogoli-
ubov transformation on the Bunch-Davies states: q(k) =
α(k) qBD(k) + β
∗(k) qBD(k). The LQC power spectrum
can then be written as PLQC = (1 + 2|β(k)|2)PBD, where
|β(k)|2 has the physical interpretation of the number den-
sity of the particles produced by the pre-inflationary dy-
namics with respect to the standard Bunch-Davies vac-
uum. For all choices of vacuum states, only modes with
small k deviate from the standard Bunch-Davies power
spectrum, while for large k there is remarkable agree-
ment with the standard Bunch-Davies power spectrum.
This is because for small k the particle number density
is non-zero (|β(k)| > 0) and |β(k)| rapidly decays to zero
for large k, as these modes are too energetic to be af-
fected by background curvature and consequently do not
get excited.
This qualitative feature is also true for the quadratic
potential and can be understood by comparing the rele-
vant scales. During the evolution through the quantum
gravity regime the quantum perturbations can interact
with the curvature and become excited. Modes whose
physical wavelength is smaller than the characteristic
curvature length scale λLQC :=
√
24pi2/RB, where RB
is the Ricci scalar at the bounce, propagate as if they are
in flat space. Modes with physical wavelength larger than
λLQC are affected by the background curvature: particle
creation occurs and these modes become excited. There-
fore, they no longer are in the Bunch-Davies vacuum
state at the onset of inflation. Consequently, the pri-
mordial power spectrum for modes with small k shows
deviation from the power spectrum obtained in the stan-
dard inflationary scenario, where one assumes all modes
to be in the Bunch-Davies state at the onset of inflation.
Hence, the origin of the non-Bunch Davies state is a di-
rect consequence of the pre-inflationary LQC dynamics
and occur always for small k regardless of the details of
the inflationary model. However, the quantitative details
of the power spectrum do depend on the type of potential
and the nature of the bounce. For instance, if the bounce
is kinetic energy dominated, the scalar field behaves like
a massless scalar field in the quantum gravity regime. In
such cases, the LQC corrections to the power spectrum
4 Here, we only show existence of at least one state that leads
to power suppression. It should be noted that there also exist
states that show power enhancement for ` < 30. As of now,
these states are at the same footing as the one chosen here that
shows power suppression. The physical criteria to select states
resulting in power suppression and the issue of their uniqueness
are currently being investigated [39].
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FIG. 3. Comparison of LQC corrections to tensor-to-scalar ra-
tio between the Starobinsky and quadratic potential. States
are chosen to give the maximum power suppression as in
Fig. 2.
will be similar for all potentials. On the other hand, if the
bounce is not kinetic energy dominated, then there could
be potential specific signatures on the LQC corrections
to the power spectrum. Thus, the LQC corrections to the
power spectrum are robust under the change of potential
for all kinetic energy dominated bounces including the
phenomenologically interesting initial conditions for the
Starobinsky potential considered here and the quadratic
potential.
Imprints on long wavelength modes: So far in
this Letter, we have seen that the LQC corrections to
the observable power-spectrum remain robust under the
change of potential. Nonetheless, there are interesting
signatures of LQC pre-inflationary dynamics on super
horizon modes for Starobinsky potential.
From eq. (5) and (6) it is immediately obvious that,
just as in the standard inflationary paradigm, evolution
of the scalar and tensor modes is different due to the
presence of an effective potential U˜ for the scalar evolu-
tion equation. Therefore, the particle density for scalar
and tensor modes should be different from each other
for k2 . U˜ . It turns out that the numerical value of
U˜ is typically very small compared to even the smallest
observable wavenumber kmin and consequently negligi-
ble. However, a small subset of the initial data surface
(−1.45 mPl . φB . −1.38 mPl) exists for which U˜ is of
the order of 10−5k2min so that for k . kmin/300, the ef-
fect of U˜ on the scalar modes is no longer negligible. The
tensor and scalar particle densities are therefore different
for these modes and rLQC 6= rBD, where r is the tensor-
to-scalar ratio and the subscript ‘BD’ refers to the pre-
dictions from the standard inflationary paradigm. This
is distinct from the quadratic potential, where this dif-
ference is negligible for all k & 10−5kmin. This is shown
in Fig. 3, where rLQC/rBD is plotted for the Starobinsky
and the quadratic potential.
The quantum gravity induced deviations from rBD are
5not directly relevant for observational modes, but the al-
tered behavior of these super horizon modes can change
the observed three-point functions (and higher order cor-
relation functions) through mode-mode coupling as well
as play an important role for tensor fossils. This differ-
ence between the scalar and tensor modes as compared
to the standard picture, could thus lead to signatures
in the non-Gaussian modulation of the power spectrum
due to super horizon modes [16, 17]. It is noteworthy
that the set of initial conditions for these effects is very
small. Nonetheless, it is interesting as these initial con-
ditions fall nicely into the regime for which the LQC cor-
rections to the power spectrum are in the observable win-
dow. Thus, if these LQC corrections are observed, there
is also hope to observe this effect. Furthermore, these
initial conditions fall on the exponential side of the po-
tential and not on the plateau side. Therefore, they are
very likely to be present for potentials which have expo-
nential walls such as the Higgs potential.
In summary, we have studied a quantum gravitational
extension of the inflationary scenario with the Starobin-
sky potential using the framework of quantum fields on
quantum cosmological spacetime in LQC. Since the pre-
inflationary dynamics of LQC is very different from that
of classical GR, it is not obvious whether inflation is even
obtained if one starts in the deep Planck regime. If there
is inflation, does it agree with observations? Are there
any deviations from the standard power spectrum? We
found that the pre-inflationary dynamics of LQC fits very
well with inflation and there are natural initial conditions
for both the background spacetime and perturbations
that lead to the desired slow-roll phase compatible with
observations. Almost all initial conditions starting at the
bounce lead to the desired slow-roll phase. The LQC
pre-inflationary excites the modes of the perturbations,
as a result they carry excitations over the Bunch-Davies
state at the onset of inflation, giving corrections to the
standard inflationary power spectrum. There exist ini-
tial conditions for which these LQC induced corrections
to the standard inflationary predictions at large angular
scales are observable while being in complete agreement
with observations at small angular scales.
Since the observationally relevant initial conditions
are all kinetic energy dominated in the quantum grav-
ity regime, the inflaton behaves essentially as a massless
scalar field and the details of the potential do not affect
the quantum gravity induced corrections to the observ-
able power spectrum. Hence, the occurrence of desired in-
flationary phase and corrections to the primordial power
spectrum are robust features of LQC. Thus, LQC has ma-
tured enough to confront recent observational data while
providing a new quantum gravity window to understand
various CMB anomalies. A detailed analysis of the re-
sults and extensive phenomenological investigations of
the model is presented in [37].
Finally, the model considered here, i.e. a minimally
coupled scalar with the Starobinsky potential is on-shell
conformally related to a higher derivative gravitational
theory whose Lagrangian density is R + R2/6M2 [23–
27]. Here we studied the pre-inflationary dynamics of
the scalar field with a standard Einstein-Hilbert action
where LQC quantization is well understood. An LQC
treatment of the conformally related theory requires a
careful study of loop quantization of higher derivative
theories, which is currently being pursued [40].
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